Introduction
============

The well known fetal origins hypothesis[@ref1] [@ref2] and developmental origins of health and disease concept[@ref3] have associated early life exposures with the development of adverse health outcomes in adulthood. Season and month of birth represent well defined and frequently used proxies for various environmental and other factors in prenatal and early postnatal life. Previous studies have identified associations between season and month of birth and overall and cardiovascular disease related mortality in the United States,[@ref4] [@ref5] Sweden,[@ref6] [@ref7] Germany,[@ref8] [@ref9] Austria,[@ref10] [@ref11] Denmark,[@ref10] [@ref11] Australia,[@ref10] Lithuania,[@ref12] Japan,[@ref13] and Spain.[@ref14] Results from the northern hemisphere show relatively consistently that individuals born in November have the lowest risk of overall and cardiovascular mortality, whereas individuals born in the spring or summer (peaking in May) have the highest mortality risk.[@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9] [@ref10] [@ref11] [@ref12] [@ref13] By contrast, in the southern hemisphere, the pattern of seasonal birth month effects on mortality seems to be shifted by half a year.[@ref10]

Mechanisms driving these observed associations remain inconclusive, with prenatal and early postnatal exposures including seasonal fluctuations in nutrition availability[@ref1] [@ref10] [@ref15] [@ref16] [@ref17] [@ref18] [@ref19] [@ref20] [@ref21] (eg, intake of fruits, vegetables, and total calories), infections and inflammatory causes,[@ref21] [@ref22] [@ref23] climatic temperature and air pollution,[@ref24] [@ref25] [@ref26] [@ref27] and sunlight (maternal vitamin D levels, and solar cycles)[@ref25] [@ref28] [@ref29] [@ref30] having been suggested. Familial and socioeconomic factors have been questioned as potential confounders.[@ref4] [@ref31] [@ref32] [@ref33] [@ref34] Near-birth familial and socioeconomic factors could influence the timing of conception and thus birth---for example, those whose parents have more favorable factors might choose to give birth avoiding colder months.[@ref4] [@ref31] [@ref32] [@ref33] Later life familial and socioeconomic factors might also be associated with overall and cardiovascular mortality in adulthood.[@ref34] However, to our knowledge, none of these previous studies has been able to adequately control for these factors and other potential confounders,[@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9] [@ref10] [@ref11] [@ref12] [@ref13] [@ref14] limiting the interpretability of their findings.[@ref2] [@ref35]

With detailed documentation of demographics, lifestyle, medical history, anthropometric data, and familial and socioeconomic factors, the Nurses' Health Study longitudinal cohort in the US[@ref36] offers an unparalleled resource to perform a large scale prospective study to add to existing evidence and overcome some limitations of previous studies. We thus examined the association between seasonal birth month and overall and cardiovascular mortality in the large Nurses' Health Study cohort, exploring the role of familial and socioeconomic factors in this association in detail.

Methods
=======

Study population
----------------

We conducted the present analysis using data from the Nurses' Health Study cohort, the details of which have been reported previously.[@ref36] [@ref37] [@ref38] In brief, it is an ongoing large prospective cohort study conceived in the early 1970s and initiated in 1976, with 121 700 US female registered nurses aged 30 to 55 years involved at enrolment. Demographic information was collected from initial questionnaires. By mailing self administered questionnaires to all participants biennially throughout follow-up, information on lifestyle characteristics, medical history, and newly diagnosed diseases were regularly updated, with a cumulative follow-up rate of greater than 90% of potential person time having been achieved. Information on familial and socioeconomic factors and other factors of interest was also collected. We excluded participants who were diagnosed with any cardiovascular disease before or at baseline, or who had no information on birthdate. Women who reported a history of having been born prematurely were also excluded from analyses.

Ascertainment of deaths
-----------------------

Deaths were ascertained through the National Death Index and next-of-kin or postal authority reporting, with an identifying rate of more than 96% in the Nurses' Health Study cohort.[@ref39] [@ref40] Cohort investigators reviewed death certificates, and requested permission from next of kin of dead participants to review their medical records. Causes of death were then assigned according to the ICD-8 (international classification of diseases, 8th revision). We specifically considered overall mortality and cardiovascular disease related deaths (ICD-8 codes 390.0 to 458.9 and 795.0 to 795.9) in this analysis.

Ascertainment of birth month and astronomical birth season
----------------------------------------------------------

Participants reported information on their exact birth date in the Nurses' Health Study cohort on the 1976 questionnaire. According to their responses, month and season of birth were then ascertained. We used astronomical birth season in our study, based on solstices and equinoxes as the bounds of the season categories. In view of minor variations on the timings of solstices and equinoxes in different years, four astronomical birth seasons were created following the standard definition of spring (March 21 to June 20), summer (June 21 to September 20), autumn (September 21 to December 20), and winter (December 21 to March 20).

Ascertainment of covariates
---------------------------

Covariates included age, race, body mass index, smoking status, physical activity, and history of hypertension, hypercholesterolemia, and type 2 diabetes. We further considered near-birth and other familial and socioeconomic indicators as potential confounders. Information on race and body weight was captured on the initial questionnaire in 1976. Detailed information on familial and socioeconomic factors was then assessed, including the nurses' husbands' educational level (reported in 1992), as well as their parents' home ownership at birth of the respective nurse (reported in 2004), parents' occupation in childhood (reported in 1976), and their mothers' smoking status during pregnancy (reported in 2004). Via the regular biennial questionnaires throughout follow-up, participants subsequently reported and updated anthropometric data (self reported body weight, which was used to calculate participants' body mass index with height), lifestyle factors (self reported smoking status), and medical history (self reported diagnosis of diseases, then verified by study physicians who reviewed medical records, including hypertension, hypercholesterolemia, and type 2 diabetes). Participants also received questionnaires quadrennially for reporting their frequency of engaging in common recreational activities, based on which total physical activity in metabolic equivalent tasks per week was then calculated. The validity and reproducibility of information on anthropometric data, health related behaviors, and major chronic diseases have been previously described in detail.[@ref41] [@ref42] [@ref43]

Statistical analysis
--------------------

We analyzed month and season of birth in relation to overall and cardiovascular mortality. To investigate potential heterogeneity across major cardiovascular disease subtypes, we further performed subtype analysis---that is, separate analyses for ischemic heart disease and cerebrovascular disease across birth season. We were unable to consider analyses examining birth season in relation to other cardiovascular disease subtypes, or analyses for any of the cardiovascular disease subtypes across birth months, because of power limitations.

Person years of follow-up were calculated from the date of return of the initial questionnaire in 1976 until the date of death recorded, loss to follow-up, or the end of follow-up (the date of follow-up completion was defined as 30 June 2014 in our present study), whichever was earliest. Age and multivariable adjusted hazard ratios and 95% confidence intervals for overall and cardiovascular disease specific mortality were estimated by using Cox proportional hazards regression models conditioning on age (in 5-year categories) and questionnaire cycle (2-year intervals), across birth months (using November as the reference group) and astronomical birth seasons (using autumn as the reference group).

We controlled for the following covariates in multivariable models: age (in 5-year categories; ≤55, 56-60, 61-65, 66-70, 71-75, \>75), race (white, black, other), body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-27.4, 27.5-29.9, 30.0-34.9, and ≥35.0, implementing a 4-year lag time to account for potential reverse causation), smoking status (never smoker, past smoker, current smoker \<25 cigarettes/day, current smoker ≥25 cigarettes/day), physical activity (metabolic equivalent tasks/week, in fifths), husbands' educational level (less than high school, some high school, high school graduate, college, graduate school), history of hypertension (yes, no), history of hypercholesterolemia (yes, no, with 4-year lag time), and history of type 2 diabetes (yes, no).

To facilitate better control of confounding and further investigate the effect of familial and socioeconomic factors in the associations between birth month, birth season, and overall and cardiovascular disease specific mortality, we also controlled for these factors of the participants around the time they were born. These factors included parental home ownership at birth (yes, no), father's occupation in childhood (professional/executive, sales/clerical, craftsman/service, laborer/farmer/military, stay-at-home parent), mother's occupation in childhood (professional/executive, sales/clerical, craftsman/service, laborer/farmer/military, stay-at-home parent), and mother's smoking status during pregnancy (yes, no).

In all, we performed four models in this study that adjusted for age, for age and familial and socioeconomic factors, for age and factors other than familial and socioeconomic factors, and for all covariates. Information on repeatedly measured covariates, including participants' lifestyle factors, medical history, and anthropometric data, was updated in models biennially throughout follow-up. To minimize missing information on these time-varying variables, missing values were carried forward from the latest valid data in previous follow-up cycles, and missing indicators were included in the models for the remaining covariates with no values after replacement. Analyses were performed by SAS software (version 9.4 for UNIX; SAS Institute, Cary, NC), all tests were two sided, and P values less than 0.05 were considered statistically significant.

Patient and public involvement
------------------------------

Participants were not involved in setting the research question or the outcome measures, nor were they involved in the design or implementation of the study. No participants were asked to advise on interpretation or writing up of the manuscript. The participants are updated on findings and developments of the Nurses' Health Study cohort through annual newsletters and the official website (<https://www.nurseshealthstudy.org>).

Results
=======

Population characteristics
--------------------------

A total of 116 911 women participating in Nurses' Health Study were eligible for inclusion in our study. During 38 years of follow-up (1976-2014) and 4 136 364 person years since enrolment, 43 248 overall deaths were documented, including 8360 cardiovascular disease specific death. In addition to cardiovascular disease, main causes of death included cancer (n=13 954) and other causes (n=20 934) including neurodegenerative disease (n=4318), respiratory disease (n=2879), or infections (n=1811). Among all the documented cases of death, the mean age at death was 75.5. Mean age at death varied between participants who died from cardiovascular disease (74.6, similar to that of all cause deaths), cancer (69.8), neurodegenerative disease (82.3), respiratory disease (76.8), and infections (71.3). Near-birth characteristics and other characteristics of the study population at enrolment in 1976 are presented in [table 1](#tbl1){ref-type="table"}. Women born in the winter were more likely to have an increased adult body mass index. No other major variation was observed across birth season in any of these characteristics.

###### 

Near-birth characteristics and other characteristics of the study population in 1976 in the Nurses' Health Study (n=116 911) across astronomical birth seasons\*

  Characteristic                                        Winter (n=28 196)   Spring (n=28 596)   Summer (n=30 490)   Autumn (n=29 629)
  ----------------------------------------------------- ------------------- ------------------- ------------------- -------------------
  Birth year                                                                                                        
   \<1925                                               4036 (14.31)        4118 (14.40)        4569 (14.99)        4512 (15.23)
   1925-29                                              5885 (20.87)        5934 (20.75)        6253 (20.51)        5951 (20.09)
   1930-34                                              5843 (20.72)        5935 (20.75)        6242 (20.47)        6142 (20.73)
   1935-39                                              5704 (20.23)        5914 (20.68)        6178 (20.26)        5730 (19.34)
   1940-44                                              6728 (23.86)        6695 (23.41)        7248 (23.77)        7294 (24.62)
  Race                                                                                                              
   White                                                27245 (96.63)       27677 (96.79)       29518 (96.81)       28645 (96.68)
   Black                                                671 (2.38)          643 (2.25)          659 (2.16)          672 (2.27)
   Other                                                280 (0.99)          276 (0.97)          313 (1.03)          312 (1.05)
  Body mass index                                                                                                   
   \<20                                                 3441 (12.33)        3512 (12.40)        3916 (12.98)        3863 (13.17)
   20 to \<22                                           7516 (26.93)        7791 (27.51)        8390 (27.81)        8077 (27.53)
   22 to \<25                                           8940 (32.03)        8913 (31.47)        9389 (31.12)        9177 (31.28)
   25 to \<30                                           5691 (20.39)        5749 (20.30)        6012 (19.93)        5866 (20.00)
   ≥30                                                  2322 (8.32)         2355 (8.32)         2465 (8.17)         2353 (8.02)
  Smoking status                                                                                                    
   Never smoked                                         12170 (43.28)       12453 (43.67)       13252 (43.61)       12673 (42.89)
   Past smoker                                          6559 (23.33)        6677 (23.41)        7059 (23.23)        6924 (23.43)
   Current smoker                                       9391 (33.40)        9387 (32.92)        10080 (33.17)       9951 (33.68)
  Physical activity (metabolic equivalent tasks/week)                                                               
   \<3                                                  5382 (28.35)        5384 (27.72)        5895 (28.42)        5839 (29.04)
   3 to \<9                                             5213 (27.46)        5175 (26.64)        5562 (26.81)        5309 (26.40)
   9 to \<18                                            3542 (18.66)        3826 (19.70)        4018 (19.37)        3814 (18.97)
   18 to \<27                                           1977 (10.41)        2093 (10.78)        2199 (10.60)        2179 (10.84)
   27 to \<42                                           1579 (8.32)         1663 (8.56)         1703 (8.21)         1645 (8.18)
   ≥42                                                  1290 (6.80)         1283 (6.61)         1366 (6.59)         1323 (6.58)
  Hypertension                                          3253 (11.54)        3426 (11.98)        3431 (11.25)        3325 (11.22)
  Hypercholesterolemia                                  940 (3.33)          966 (3.38)          1020 (3.35)         938 (3.17)
  Type 2 diabetes                                       517 (1.83)          520 (1.82)          526 (1.73)          534 (1.80)
  Husband's education                                                                                               
   High school                                          7942 (46.89)        8174 (46.88)        8481 (45.98)        8302 (45.82)
   College grad                                         4964 (29.31)        4984 (28.58)        5464 (29.62)        5445 (30.05)
   Grad school                                          4030 (23.80)        4279 (24.54)        4500 (24.40)        4372 (24.13)
  Parents owned home at birth                           7517 (44.33)        7607 (43.89)        8081 (43.97)        7995 (44.19)
  Mother's occupation                                                                                               
   Professional/executive                               2486 (9.35)         2354 (8.72)         2520 (8.76)         2498 (8.92)
   Sales/clerical                                       2836 (10.66)        3045 (11.29)        3263 (11.34)        3274 (11.69)
   Craftsman/service                                    2806 (10.55)        2879 (10.67)        3140 (10.91)        3028 (10.81)
   Labor/farmer/military                                144 (0.54)          132 (0.49)          149 (0.52)          150 (0.54)
   Stay at home                                         18324 (68.90)       18572 (68.83)       19704 (68.47)       19067 (68.06)
  Father's occupation                                                                                               
   Professional/executive                               6971 (27.48)        7251 (28.15)        7661 (27.91)        7530 (28.10)
   Sales/clerical                                       9271 (36.54)        9465 (36.75)        10144 (36.95)       9849 (36.75)
   Craftsman/service                                    5661 (22.31)        5716 (22.19)        6112 (22.27)        6063 (22.62)
   Labor/farmer/military                                3432 (13.53)        3296 (12.80)        3497 (12.74)        3328 (12.42)
   Stay at home                                         36 (0.14)           29 (0.11)           37 (0.13)           30 (0.11)
  Mother smoked during pregnancy                        1689 (11.27)        1783 (11.65)        1962 (12.11)        1909 (11.99)

Data are number (%). Astronomical birth seasons created following solstices and equinoxes (spring: March 21 to June 20, summer: June 21 to September 20, autumn: September 21 to December 20, and winter: December 21 to March 20).

Percentages are of non-missing values, and might not add up to 100% after rounding.

Birth month, birth season, and overall mortality
------------------------------------------------

[Table 2](#tbl2){ref-type="table"} presents age adjusted and multivariable adjusted hazard ratios and 95% confidence intervals of overall death among study participants across birth months and astronomical birth seasons. Overall, no significant association was seen between birth month or astronomical birth season and overall mortality in age adjusted analyses ([table 2](#tbl2){ref-type="table"}, model 1), or in any of the multivariable analyses, after additionally adjusting for familial and socioeconomic factors (model 2), factors other than familial and socioeconomic factors (model 3), and all covariates (model 4).

###### 

Age adjusted and multivariable adjusted hazard ratios (95% confidence interval) of overall death (n=43 248) among women participating in the US Nurses' Health Study (n=116 911) across birth months and astronomical birth seasons. Data obtained from Cox models with updated covariate values (1976-2014) and stratified by age in 5-year categories

  Cox model\*                  Winter (n=10 585)                           Spring (n=10 741)        Summer (n=11 212)                           Autumn (n=10 710)                                                                                                                
  ---------------------------- --------------------- --------------------- --------------------- -- --------------------- --------------------- --------------------- -- --------------------- --------------------- --------------------- -- --------------------- ------------ ---------------------
  **Model by birth month**                                                                                                                                                                                                                                                       
  Model 1                      0.97 (0.93 to 1.01)   0.97 (0.92 to 1.01)   1.00 (0.95 to 1.04)      1.00 (0.95 to 1.05)   0.96 (0.92 to 1.01)   1.00 (0.95 to 1.05)      1.00 (0.95 to 1.04)   0.99 (0.95 to 1.04)   1.02 (0.97 to 1.06)      1.00 (0.96 to 1.05)   1.00 (ref)   0.96 (0.92 to 1.01)
  Model 2                      0.96 (0.91 to 1.00)   0.98 (0.93 to 1.03)   1.00 (0.95 to 1.04)      1.00 (0.96 to 1.05)   0.96 (0.92 to 1.01)   1.01 (0.96 to 1.06)      0.99 (0.95 to 1.04)   0.99 (0.94 to 1.03)   1.02 (0.97 to 1.06)      0.99 (0.95 to 1.04)   1.00 (ref)   0.98 (0.93 to 1.02)
  Model 3                      0.97 (0.92 to 1.01)   0.97 (0.93 to 1.02)   1.01 (0.96 to 1.06)      1.01 (0.96 to 1.06)   0.97 (0.92 to 1.01)   1.01 (0.96 to 1.05)      1.00 (0.95 to 1.04)   1.00 (0.95 to 1.04)   1.02 (0.97 to 1.07)      1.00 (0.95 to 1.05)   1.00 (ref)   0.96 (0.91 to 1.01)
  Model 4                      0.97 (0.92 to 1.01)   0.99 (0.94 to 1.03)   1.01 (0.97 to 1.06)      1.01 (0.96 to 1.06)   0.97 (0.93 to 1.02)   1.01 (0.97 to 1.06)      1.00 (0.96 to 1.05)   0.99 (0.95 to 1.04)   1.02 (0.97 to 1.07)      1.00 (0.95 to 1.05)   1.00 (ref)   0.98 (0.93 to 1.02)
  **Model by birth season†**                                                                                                                                                                                                                                                     
  Model 1                      0.99 (0.96 to 1.01)                         0.99 (0.96 to 1.02)      1.00 (0.98 to 1.03)                         1.00 (ref)                                                                                                                       
  Model 2                      0.98 (0.96 to 1.01)                         0.99 (0.97 to 1.02)      1.00 (0.97 to 1.02)                         1.00 (ref)                                                                                                                       
  Model 3                      0.99 (0.96 to 1.02)                         1.00 (0.97 to 1.03)      1.01 (0.98 to 1.03)                         1.00 (ref)                                                                                                                       
  Model 4                      0.99 (0.96 to 1.02)                         1.00 (0.97 to 1.03)      1.00 (0.98 to 1.03)                         1.00 (ref)                                                                                                                       

Ref=reference.

Model 1=adjusted for age (in 5-year categories, ≤55, 56-60, 61-65, 66-70, 71-75, \>75). Model 2=Model 1 additionally adjusted for familial and socioeconomic factors: husbands' educational level (less than high school, some high school, high school graduate, college, graduate school), parents' home ownership at birth (yes, no), father's and mother's occupation in childhood (professional/executive, sales/clerical, craftsman/service, laborer/farmer/military, stay at home parent), and mother's smoking status during pregnancy (yes, no). Model 3=Model 1 additionally adjusted for factors other than familial and socioeconomic factors: race (white, black, other), body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-27.4, 27.5-29.9, 30.0-34.9, and ≥35.0, with 4-year lag time), smoking status (never smoker, past smoker, current smoker \<25 cigarettes/day, current smoker ≥25 cigarettes/day), history of hypertension (yes, no), history of hypercholesterolemia (yes, no, with 4-year lag time), history of type 2 diabetes (yes, no), and physical activities (metabolic equivalent tasks/week, in fifths). Model 4=Model 1 additionally adjusted for all covariates: race (white, black, other), body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-27.4, 27.5-29.9, 30.0-34.9, and ≥35.0, with 4-year lag time), smoking status (never smoker, past smoker, current smoker \<25 cigarettes/day, current smoker ≥25 cigarettes/day), history of hypertension (yes, no), history of hypercholesterolemia (yes, no, with 4-year lag time), history of type 2 diabetes (yes, no), husbands' educational level (less than high school, some high school, high school graduate, college, graduate school), parents' home ownership at birth (yes, no), father's and mother's occupation in childhood (professional/executive, sales/clerical, craftsman/service, laborer/farmer/military, stay at home parent), mother's smoking status during pregnancy (yes, no), and physical activities (metabolic equivalent tasks/week, in fifths).

Astronomical birth seasons defined on the basis of solstices and equinoxes as the bounds of the season categories rather than as the midpoints: winter (21 December to 20 March; n=10 585), spring (21 March to 20 June; n=10 741), summer (21 June to 20 September; n=11 212), and autumn (21 September to 20 December; n=10 710).

Birth month, birth season, and cardiovascular disease mortality
---------------------------------------------------------------

Age adjusted and multivariable adjusted hazard ratios and 95% confidence intervals of cardiovascular death among the study population across birth months and astronomical birth seasons are shown in [table 3](#tbl3){ref-type="table"}. In age adjusted analyses ([table 3](#tbl3){ref-type="table"}, model 1), compared with women born in November, those born from March to July had a higher mortality for cardiovascular disease (hazard ratio for March, 1.08, 95% confidence interval 0.97 to 1.20; April, 1.11, 1.00 to 1.23; May, 1.08, 0.97 to 1.20; June, 1.06, 0.95 to 1.18; July, 1.09, 0.99 to 1.21), while women born in December (0.94, 0.84 to 1.05) had the lowest cardiovascular disease related mortality. In terms of birth seasons, higher cardiovascular disease related mortality was observed among women born in the spring and summer (hazard ratio for spring, 1.09, 1.03 to 1.16; summer, 1.10, 1.03 to 1.17) compared with those women who born in the autumn.

###### 

Age adjusted and multivariable adjusted hazard ratios (95% confidence interval) of cardiovascular death (n=8360) among women participating in the US Nurses' Health Study (n=116 911) across birth months and astronomical birth seasons. Data obtained from Cox models with updated covariate values (1976-2014) and stratified by age in 5-year categories

  Cox model\*   Birth season† and month                                                                                                                                                                                                                               
  ------------- ------------------------- --------------------- --------------------- -- --------------------- --------------------- --------------------- -- --------------------- --------------------- --------------------- -- --------------------- ------------ ---------------------
  Model 1       0.98 (0.88 to 1.09)       1.01 (0.91 to 1.13)   1.08 (0.97 to 1.20)      1.11 (1.00 to 1.23)   1.08 (0.97 to 1.20)   1.06 (0.95 to 1.18)      1.09 (0.99 to 1.21)   1.03 (0.93 to 1.15)   1.04 (0.94 to 1.16)      1.00 (0.89 to 1.11)   1.00 (ref)   0.94 (0.84 to 1.05)
  Model 2       0.97 (0.87 to 1.07)       1.02 (0.92 to 1.14)   1.08 (0.97 to 1.20)      1.11 (1.00 to 1.23)   1.08 (0.97 to 1.20)   1.07 (0.97 to 1.19)      1.09 (0.98 to 1.20)   1.02 (0.92 to 1.13)   1.04 (0.93 to 1.16)      0.98 (0.88 to 1.10)   1.00 (ref)   0.96 (0.85 to 1.07)
  Model 3       0.97 (0.87 to 1.08)       1.02 (0.91 to 1.13)   1.09 (0.98 to 1.21)      1.12 (1.01 to 1.24)   1.08 (0.97 to 1.20)   1.07 (0.96 to 1.19)      1.09 (0.98 to 1.21)   1.03 (0.93 to 1.15)   1.04 (0.93 to 1.15)      0.99 (0.89 to 1.10)   1.00 (ref)   0.93 (0.83 to 1.04)
  Model 4       0.97 (0.88 to 1.08)       1.03 (0.92 to 1.15)   1.09 (0.98 to 1.21)      1.12 (1.00 to 1.24)   1.08 (0.98 to 1.20)   1.07 (0.96 to 1.19)      1.08 (0.98 to 1.20)   1.02 (0.92 to 1.14)   1.03 (0.93 to 1.15)      0.99 (0.89 to 1.10)   1.00 (ref)   0.95 (0.85 to 1.06)
  Model 1       1.03 (0.97 to 1.10)                             1.09 (1.03 to 1.16)      1.10 (1.03 to 1.17)                         1.00 (ref)                                                                                                                       
  Model 2       1.03 (0.97 to 1.10)                             1.09 (1.03 to 1.16)      1.09 (1.03 to 1.16)                         1.00 (ref)                                                                                                                       
  Model 3       1.04 (0.97 to 1.10)                             1.10 (1.04 to 1.17)      1.10 (1.04 to 1.17)                         1.00 (ref)                                                                                                                       
  Model 4       1.04 (0.98 to 1.10)                             1.10 (1.04 to 1.17)      1.09 (1.03 to 1.16)                         1.00 (ref)                                                                                                                       

Ref=reference.

Model 1=adjusted for age (in 5-year categories, ≤55, 56-60, 61-65, 66-70, 71-75, \>75). Model 2=Model 1 additionally adjusted for familial and socioeconomic factors: husbands' educational level (less than high school, some high school, high school graduate, college, graduate school), parents' home ownership at birth (yes, no), father's and mother's occupation in childhood (professional/executive, sales/clerical, craftsman/service, laborer/farmer/military, stay at home parent), mother's smoking status during pregnancy (yes, no). Model 3=Model 1 additionally adjusted for factors other than familial and socioeconomic factors: race (white, black, other), body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-27.4, 27.5-29.9, 30.0-34.9, and ≥35.0, with 4-year lag time), smoking status (never smoker, past smoker, current smoker \<25 cigarettes/day, current smoker ≥25 cigarettes/day), history of hypertension (yes, no), history of hypercholesterolemia (yes, no, with 4-year lag time), history of type 2 diabetes (yes, no), physical activities (metabolic equivalent tasks/week, in fifths). Model 4=Model 1 additionally adjusted for all covariates: race (white, black, other), body mass index (\<21.0, 21.0-22.9, 23.0-24.9, 25.0-27.4, 27.5-29.9, 30.0-34.9, and ≥35.0, with 4-year lag time), smoking status (never smoker, past smoker, current smoker \<25 cigarettes/day, current smoker ≥25 cigarettes/day), history of hypertension (yes, no), history of hypercholesterolemia (yes, no, with 4-year lag time), history of type 2 diabetes (yes, no), husbands' educational level (less than high school, some high school, high school graduate, college, graduate school), parents' home ownership at birth (yes, no), father's and mother's occupation in childhood (professional/executive, sales/clerical, craftsman/service, laborer/farmer/military, stay at home parent), mother's smoking status during pregnancy (yes, no), physical activities (metabolic equivalent tasks/week, in fifths).

Astronomical birth seasons defined on the basis of solstices and equinoxes as the bounds of the season categories rather than as the midpoints: winter (21 December to 20 March; n=10 585), spring (21 March to 20 June; n=10 741), summer (21 June to 20 September; n=11 212), and autumn (21 September to 20 December; n=10 710).

These positive associations by season and month of birth remained after additionally controlling for familial and socioeconomic factors ([table 3](#tbl3){ref-type="table"}, model 2), factors other than familial and socioeconomic factors([table 3](#tbl3){ref-type="table"}, model 3), and all covariates ([table 3](#tbl3){ref-type="table"}, model 4), respectively. No major attenuation of the associations was observed after any of these additional adjustments were conducted. In fully adjusted multivariable analyses ([table 3](#tbl3){ref-type="table"}, model 4), compared with women born in November, higher cardiovascular mortality was observed among those born from March to July (hazard ratio for March, 1.09, 95% confidence interval 0.98 to 1.21; April, 1.12, 1.00 to 1.24; May, 1.08, 0.98 to 1.20; June 1.07, 0.96 to 1.19; July, 1.08, 0.98 to 1.20), with the highest cardiovascular mortality for those born in April, and lowest among those born in December (0.95, 0.85 to 1.06). Women born in the spring and summer had higher cardiovascular mortality (hazard ratio for spring, 1.10, 1.04 to 1.17; summer, 1.09, 1.03 to 1.16) than those born in autumn. The relative difference between the lowest and highest risk month was 17.89%, and this difference between the lowest and highest risk season was 10.00%.

In fully adjusted multivariable analyses of the two major subtypes of cardiovascular disease, although with some heterogeneity, both ischemic heart disease specific mortality (hazard ratio for spring, 1.07, 95% confidence interval 0.96 to 1.18; summer, 1.08, 0.98 to 1.20; winter 1.10, 1.00 to 1.22) and cerebrovascular disease specific mortality (1.15, 1.03 to 1.30; 1.05, 0.93 to 1.18; 0.98, 0.87 to 1.11) meaningfully differed between birth season groups, compared with women born in the autumn.

Discussion
==========

In this large prospective US cohort study, we observed that women born in the spring and summer (especially those born from March through July) had an increased cardiovascular mortality, but not overall mortality, compared with those born in the autumn.

Comparison with other studies
-----------------------------

Prior evidence from the US,[@ref4] [@ref5] Sweden,[@ref6] [@ref7] Germany,[@ref8] [@ref9] Austria,[@ref10] [@ref11] Denmark,[@ref10] [@ref11] Australia,[@ref10] Lithuania,[@ref12] Japan,[@ref13] and Spain[@ref14] has related seasonal birth month effect to all cause and cardiovascular mortality in later life. Consistent with our current findings, two large longitudinal studies in Sweden (including over six million and four million people, respectively) with 20 years follow-up, reported the lowest cardiovascular mortality among participants born in November.[@ref6] [@ref7] Individuals born in the spring or summer had the highest overall mortality (peaking in April/May),[@ref6] and those born from January to August had highest cardiovascular mortality (peaking in March/April).[@ref7] A US cohort with a similar follow-up time, although distinctively smaller than the Swedish studies and ours, indicated similar findings.[@ref4] Records from 1.37 million people in a Danish study with 30 years of follow-up (1.17 million deaths were documented) and deaths records of 680 000 people in Austria also showed that individuals born in spring (April-June) had a shorter lifespan than those born in autumn (October-December).[@ref10] [@ref11] A cross sectional observation of more than six million deaths in Germany suggested that people born around May had the highest all cause and cardiovascular mortality, while the lowest risks for both types of death were observed among individuals born in November.[@ref8] Other smaller studies from the US,[@ref5] Germany,[@ref9] Lithuania,[@ref12] and Japan[@ref13] also showed similar findings on overall[@ref5] [@ref9] [@ref13] and cardiovascular mortality.[@ref12]

Previous epidemiological studies have relatively consistently described individuals born in November to have the lowest risk of overall and cardiovascular mortality, and those born in the spring or summer to have the highest mortality risk.[@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9] [@ref10] [@ref11] [@ref12] [@ref13] However, a major concern is that these findings, in support of the fetal origins hypothesis[@ref1] [@ref2] and developmental origins of health and disease concept,[@ref3] might be hampered by incomplete and incorrect statistical interpretation (eg, inadequate control for early and later life predictors of mortality, which might both significantly contribute to variation in lifetime health conditions).[@ref2] [@ref35] In particular, a major limitation of these observations[@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9] [@ref10] [@ref11] [@ref12] [@ref13] [@ref14] is that they have not been able to adequately control for familial and socioeconomic factors---a potentially important confounder---and thus might have rendered these studies vulnerable to bias.

In fact, US data have shown that near-birth familial and socioeconomic factors could have a role in determining the timing of conception and thus birth, in that women with more favorable familial and socioeconomic factors chose to give birth avoiding colder months.[@ref4] [@ref31] Swedish and Czech studies reported similar supportive findings that those individuals with unfavorable near-birth familial and socioeconomic factors were more likely to be born in in November and December.[@ref32] [@ref33] This hypothesis presents an important complement to existing explanations, and near-birth indicators of familial and socioeconomic factors should therefore be conjectured as potential confounders.[@ref4] [@ref13] [@ref31] [@ref32] [@ref33] Moreover, a prospective study from Scotland also indicated that familial and socioeconomic factors over a lifetime (including familial and socioeconomic factors near birth as well as in later life) could be associated with overall and cardiovascular mortality.[@ref34] Here, we present a prospective cohort study with adequate adjustment of potential confounders to evaluate the associations between seasonal birth month and overall and cardiovascular mortality, and to examine the role of familial and socioeconomic factors in these associations in detail.

Cardiovascular disease has remained the leading cause of death in the US.[@ref44] Our study among US women corroborates the previously observed associations between seasonal birth month and cardiovascular mortality.[@ref7] [@ref8] [@ref12] Compared with US women born in November, we observed higher cardiovascular mortality among those born from March to July (peaking in April), and the lowest among those born in December. Accumulating evidence from the US,[@ref45] [@ref46] Britain,[@ref26] and Canada[@ref47] has shown a similar link between season and month of birth and susceptibility to cardiovascular disease in later life. A recent study of more than 1.7 million US individuals indicated the lowest risk of cardiovascular disease observed among those born in the autumn, and indicated the highest risk among those born in the winter (January-March) and spring (April-June),[@ref46] the trend of which roughly paralleled our finding on cardiovascular mortality. Moreover, certain prenatal and perinatal exposures (eg, nutrition availability,[@ref19] [@ref48] [@ref49] [@ref50] climatic temperature,[@ref26] sunlight exposure,[@ref29] and infectious diseases[@ref51]) involved in explanations for seasonal birth month effect have been specifically associated with variation of cardiovascular outcomes, including familial and socioeconomic factors in early life.[@ref52]

Our finding conflicts with previous studies on overall mortality.[@ref4] [@ref5] [@ref6] [@ref8] [@ref9] [@ref10] [@ref11] [@ref13] We observed an association specifically for cardiovascular mortality, but not for overall mortality. However, cardiovascular mortality accounts for only 19.33% of overall mortality in our study. This fact suggests a specific seasonal birth month effect on cardiovascular disease, rather than confounding, and might not have been observed in previous studies because their cardiovascular mortality accounted for a greater proportion (39.5-46.6%) of overall mortality than ours.[@ref4] [@ref7] [@ref8] Collectively, our study provides evidence indicating that the association of fetal and early life factors with cardiovascular disease related mortality might not all be related to an individual's early environment generally tracking on a similar trajectory throughout life, but related to a small but real seasonal effect on later life. The reason behind no significant association being observed between seasonal birth month and overall mortality in our study remains unclear. Maternal vitamin D status during pregnancy, as a correlate of season and month of birth season,[@ref53] has been described as a suggestive or probable factor affecting adult cardiovascular risk,[@ref29] indicating one of the initial but provocative clues regarding potential mechanisms.

Season and month of birth represent proxies for various complex environmental and other factors (eg, familial and socioeconomic factors) in prenatal and early postnatal life. The impact and mechanisms of a seasonal birth month effect on overall and cardiovascular mortality might vary across different country specific settings. In our analyses, multivariable adjustment for a range of factors, including detailed assessments of familial and socioeconomic factors around birth and later in life, did not appear to alter the seasonal birth month effect on both overall and cardiovascular mortality, indicating that the association we observed in US women is unlikely to be related to familial and socioeconomic factors. Death records of 220 000 native born Australians and 43 000 British born Australians showed that the pattern of their seasonal birth month effect on overall mortality mirrored a reversal of that in northern hemisphere countries (Austria and Denmark, shifted by half a year).[@ref10] In the same study, British born Australians resembled the overall mortality pattern of the northern hemisphere, and were significantly different from native born Australians.[@ref10] Such findings indicate that in these countries, both climate pattern and familial and socioeconomic factors near birth and in later life might have roles in seasonal birth month effect. However, in another observation of over six million deaths in Germany, stratifying by regions with various socioeconomic status (eg, urban areas/rural areas/core cities, and different federal states) did not change results,[@ref8] although Germany might have less variation in familial and socioeconomic factors among their citizens than other countries worldwide.

The impact and mechanism of seasonal birth month effect on mortality might also vary across different time specific settings. Substantial reductions in overall mortality have been witnessed since 1950, which has contributed to a subsequent remarkable increase in lifespan.[@ref35] In previous observations, study populations were born in the first half or middle of the 20th century or even earlier. This birth period might be important because in most of the countries, seasonality of nutrition availability or infections, for example, are currently not as manifest as they have been in the past. Meanwhile, over the past half century, more seasonal fluctuations in climatic temperature have been observed. In addition, country specific social and economic status has also changed. For instance, results from the earliest observation of Spanish villagers born between 1634 and 1870[@ref14] conflict greatly with findings from study populations born in the 20th century.[@ref4] [@ref5] [@ref6] [@ref7] [@ref8] [@ref9] [@ref10] [@ref11] [@ref12] [@ref13] In more recent cohorts, attenuated seasonal birth month effects in adult lifespan have been observed over time, and might be attributed to these complex changes.[@ref10] Whether the association between seasonal birth month effect and overall and cardiovascular mortality will still be present or change for people born today remains to be further examined. However, as it stands, findings from previous studies should be interpreted according to both country and time specific settings.

We also found in our study that adult body mass index is higher among US women born in the winter, the mechanisms of which remain to be elucidated. Previous evidence regarding the relation between birth season and adult body mass index remains inconclusive. Our study conflicts with the reported slight increase in adult body mass index among Chinese adults born in the spring and early summer,[@ref54] and is also inconsistent with the null finding reported in UK populations.[@ref55] Substantial variability by geographical region (eg, latitudes), near birth environment, familial and socioeconomic factors, and time specific settings could exist.[@ref54] [@ref55]

Strengths and limitations of study
----------------------------------

Our population based prospective study comprises observations from more than 110 000 eligible participants from the US, examining the seasonal birth month effect in overall and cardiovascular mortality. This analysis had several major strengths. Firstly, the nature of a prospective cohort study design limits the potential for recall bias. Secondly, the large number of deaths (43 248 overall deaths, including 8360 cardiovascular deaths), long follow-up (38 years), and high follow-up response rates attained (\>90%), in conjunction with a standardized review of medical records and death certificates by study physicians, provides an unparalleled dataset for us to examine the associations between our exposures and outcomes. In addition, with detailed documentation of demographics and familial and socioeconomic factors of our study population, and repeated biennial assessments of a wide spectrum of information on validated anthropometric indicators, lifestyle factors, and medical history, the Nurses' Health Study offers high quality resources to perform analyses, allowing rigorous adjustment for potential confounders that have not been sufficiently controlled in previous studies. The fact that all participants in our study were trained health professionals helps to reduce heterogeneity and thus presents another advantage in minimizing confounding and enhancing the internal validity.

Our study also had several limitations. Firstly, although we conducted extensive multivariate analyses to assess any plausible confounding, residual confounding from potential measurement error in the covariates or other unmeasured confounding cannot be completely ruled out, and causal inference might thus be hindered. Secondly, our study population was not a random sample of US women. All participants were healthcare professionals predominantly with European ancestry (\>96%). Some minority groups in the US, including African Americans, Asian Americans, and Hispanics, were under-represented in our cohort. Although a range of factors, including familial and socioeconomic factors, were carefully controlled in our study, the professional, racial, and ethnic homogeneity might still preclude generalizability of current findings to other demographic groups. Additional investigations are warranted among other diverse populations.

Thirdly, another potential bias, inevitable in all prospective cohort studies, is a differential exposure and outcome experience for participants lost to follow-up. However, an overall response rate of more than 90% had been achieved in Nurses' Health Study cohort throughout follow-up, which helped us minimize such bias in this study. Moreover, deaths were ascertained through the National Death Index and next-of-kin or postal authority reporting, with an identifying rate of more than 96% in the Nurses' Health Study cohort.[@ref39] [@ref40] Fourthly, data regarding covariates were unavailable in a certain time (from participants' birth to the initiation of the Nurses' Health Study cohort) because of the specificity of our exposures in this study, presenting another limitation. Information regarding more granular occupational data, and types of seasonal or shift work during parents' fertility or pregnancy timing and child rearing practices, were also not available in this cohort. Finally, possible mechanisms of seasonal birth month effect in mortality remain to be uncovered. Our findings need to be validated by further investigations, and results should be interpreted cautiously in the light of mechanistic, animal, and epidemiological evidence.

Conclusion and public health implications
-----------------------------------------

This prospective large cohort study suggests that US women born in the spring and summer (especially from March through July) have increased cardiovascular mortality compared with those born in the autumn. Adjustment for a range of factors, including familial and socioeconomic factors around birth and later in life, does not appear to alter these associations. Collectively, our study adds to the growing evidence suggesting that individuals born in the spring and summer have higher cardiovascular mortality than those born in autumn, but conflicts with previous findings on overall mortality. This study supports that the associations of fetal and early life factors with cardiovascular disease mortality could relate to a small but real seasonal effect of fetal or early life factors in later life. Further investigations are required to confirm current findings and uncover mechanisms of seasonal birth month effect in cardiovascular mortality.

### What is already known on this topic

1.  Seasonal birth month effect has been consistently observed in previous studies for both overall and cardiovascular mortality

2.  Previous studies have not been able to adequately control for familial and socioeconomic factors and other potential confounders, limiting the interpretability of their findings

### What this study adds

1.  Seasonal birth month effect was observed for cardiovascular mortality, but not for overall mortality; the association is unlikely to be related to familial and socioeconomic factors

2.  Women born in the spring and summer had a slight but significant increase in cardiovascular mortality compared with those born in the autumn; in this study, cardiovascular mortality accounted for a much smaller proportion of overall mortality than in previous reports, suggesting a seasonal birth month effect rather than confounding effect on cardiovascular disease

3.  The associations of fetal and early life factors with cardiovascular mortality might not all be related to an individual's early environment generally tracking on a similar trajectory throughout life, but related to a small but real seasonal effect on later life
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